Flavonoids are polyphenolic compounds that are abundant in fruits and vegetables and increasing evidence demonstrates a positive relationship between consumption of flavonoid-rich foods and disease prevention. Epidemiological, in vitro and animal studies support the beneficial effects of dietary flavonoids on glucose and lipid homeostasis. It is encouraging that the beneficial effects of some flavonoids are at physiological concentrations and comparable to clinically-used antidiabetic drugs; however, clinical research in this field and studies on the anti-diabetic effects of flavonoid metabolites are limited. Flavonoids act on various molecular targets and regulate different signaling pathways in pancreatic -cells, hepatocytes, adipocytes, and skeletal myofibers. Flavonoids may exert beneficial effects in diabetes by (i) enhancing insulin secretion and reducing apoptosis and promoting proliferation of pancreatic -cells, (ii) improving hyperglycemia through regulation of glucose metabolism in hepatocytes, (iii) reducing insulin resistance, inflammation and oxidative stress in muscle and fat, and (iv) increasing glucose uptake in skeletal muscle and white adipose tissue. This review highlights recent findings on the anti-diabetic effects of dietary flavonoids, including flavan-3-ols, flavanones, flavonols, anthocyanidins, flavones, and isoflavones, with particular emphasis on the studies that investigated the cellular and molecular mechanisms involved in the beneficial effects of the compounds. Keywords diabetes; flavonoids; insulin; glucose; -cells; liver; fat; muscle; hyperglycemia; polyphenols; islets; pancreatic -cells Diabetes mellitus (DM) is increasing globally and now affects 7% of the world's adult population [1] . DM is a complex metabolic disorder that results from defects in insulin secretion, action, or a combination of both [2] . There are two major classifications of DM. Type 1 DM (T1D) is associated with complete or near-total insulin deficiency related to autoimmune-mediated destruction of pancreatic -cells, and Type 2 DM (T2D) is associated
with variable degrees of insulin resistance, impaired insulin secretion, moderate to severecell apoptosis and increased hepatic glucose production [2] . In the United States, about 8.3% of the total population have diabetes and an additional 79 million adults have prediabetes [3] , a condition where the blood glucose levels are higher than normal but not high enough to be diagnosed as diabetes (i.e., fasting blood glucose ≥100 mg/dL and ≤ 126 mg/dL). A recent modeling study estimated that 52% of the population in the United States will have diabetes or prediabetes by 2020 [4] .
Regulation of glucose homeostasis
Insulin and glucagon are the primary hormones that maintain glucose homeostasis by tightly controlling blood glucose concentrations following ingestion of a carbohydrate-rich meal. Most starch molecules are digested in the upper gastrointestinal tract, hydrolyzed into monosaccharides and absorbed into the blood stream through various glucose transporters (GLUT) [5] , proteins located on basolateral (facing the bloodstream) or apical membranes (facing the lumen) of epithelial cells. From the circulation, glucose is transported into pancreatic -cells of the islets of Langerhans through GLUT2 and its oxidation leads to insulin secretion, through a mechanism involving closure of ATP-sensitive potassium channels, membranedepolarization followed by voltage-dependent calcium influx and subsequent exocytosis of insulin granules [5] . Insulin-mediated signaling lowers blood glucose by: (i) enhancing the uptake of glucose in peripheral tissues (skeletal muscle, adipose tissue and kidney) through translocation of GLUT4 vesicles to the plasma membrane, (ii) promoting glucose utilization/storage in the liver (e.g., glycogenesis for storage as glycogen), and (iii) inhibiting lipolysis and promoting lipogenesis in white adipose tissue (WAT) [5] . When blood glucose concentrations decline, glucagon is secreted from -cells of pancreatic islets. Glucagon raises blood glucose by (i) promoting glucose production and release in the liver (e.g., glycogenolysis and gluconeogenesis) [5] , and (ii) increasing lipolysis and release of free fatty acids (FFAs) from adipose tissue. Hence compounds that target glucose-regulating processes in the pancreas, liver, skeletal muscle, or adipose tissues can affect glucose homeostasis.
Insulin is used in treating T1D and many oral hypoglycemic agents are used in the treatment of T2D [1] . The four important classes of oral hypoglycemic drugs are sulphonylureas, biguanides, thiazolidinediones (TZDs), and -glucosidase inhibitor. In addition, some of the more recently approved drugs such as glucagon-like peptide-1 agonists, dipeptidyl peptidase-IV inhibitors, and amylin analogues are also used in the management of diabetes [1] . Due to adverse side effects and alleviation of symptoms while not targeting the cause, there have been persistent efforts to identify potential compounds that can "cure" DM, for example by stimulating -cell regeneration and preventing apoptosis, leading to a return of endogenous control of glucose homeostasis. Naturally occurring plant compounds are attractive candidates because they are abundant in nature, inexpensive to produce and may have fewer side-effects than currently used pharmaceutical compounds.
Flavonoids
Flavonoids represent a large class of at least 6,000 phenolic compounds found in fruits, vegetables, herbs, cocoa, chocolate, tea, soy, red wine, and other plant food and beverage products [6] . Structurally, flavonoids consist of 2 aromatic rings (A and B rings) linked by a 3-carbon chain that forms an oxygenated heterocyclic ring (C ring). Flavonoids are classified as flavan-3-ols, flavanones, flavonols, anthocyanidins, flavones, and isoflavones based on differences in generic structure of the C ring, functional groups on the rings, and the position at which the B ring is attached to the C ring. Within each subclass, individual compounds are characterized by specific hydroxylation and conjugation patterns [7] .
The intake of flavonoids by U.S. adults is dominated by flavan-3-ols, followed by flavanones, flavonols, anthocyanidins, flavones, and isoflavones [8] . Epidemiological studies and meta-analyses suggested an inverse relationship between the consumption of flavonoid-rich diets and development of many aging-associated diseases including cancers, cardiovascular disease, diabetes, osteoporosis, and neurodegenerative disorders [9, 10] . Numerous in vitro and animal studies also support a beneficial effect of dietary flavonoids on glucose homeostasis [5, [11] [12] [13] [14] [15] [16] [17] [18] . Flavonoids were shown to regulate carbohydrate digestion, insulin secretion, insulin signaling, and glucose uptake in insulin-sensitive tissues through various intracellular signaling pathways [5] . A recent study evaluated the relationship between dietary intake of different flavonoid subclasses (flavonols, flavones, flavanones, flavan-3-ols, and anthocyanins) and T2D [19] . This study involved 3 prospective cohort studies including nearly 200,000 US men and women and reported that a higher consumption of anthocyanins, particularly from blueberries, apples, and pears, was consistently associated with a lower risk of diabetes [19] . In addition, flavonols, flavan-3-ols, and total flavonoids were also shown to be inversely associated with diabetes risk in individual cohorts though results were not consistent across all cohorts [19] . In this review we focus on recent findings related to the anti-diabetic effects of dietary flavonoids with a focus on studies that investigate the cellular and molecular mechanisms involved.
Flavon-3-ols
Flavan-3-ols are present in many fruits, teas, cocoa, and chocolate. They exist as monomers (epicatechin and catechin) or oligomers (proanthocyanidins). Catechin and epicatechin are the main flavan-3-ols in fruits and cocoa, whereas epicatechin gallate (ECG), gallocatechin, epigallocatechin (EGC), and epigallocatechin gallate (EGCG) are found in tea, grapes and seeds of certain leguminous plants [20] .
Numerous studies reported anti-diabetic effects of flavan-3-ols, especially EGCG, in animal and cell-culture studies. Cai et al. evaluated the effect of EGCG on glucose-induced toxicity in a rat pancreatic -cell line, rat insulinoma (RIN)-m5F cells, and showed that EGCG (0.1 and 10 M) treatment improved insulin secretory function and viability of -cells under conditions of glucotoxicity. These effects were at least partly mediated through increased expression of insulin receptor (IR) substrate-2 (IRS2), Akt, the forkhead box protein O1 (FoXO1) and pancreatic duodenal homeobox1 (PDX-1) [11] . In addition, EGCG improved mitochondrial function by enhancing the mass and functional integrity of mitochondria in high glucose exposed pancreatic -cells [11] . IRS proteins are important mediators of insulin action, with downstream insulin signaling regulating -cell survival and proliferation [11] . Indeed, disruption of IRS2 was shown to impair peripheral insulin signaling and pancreatic -cell function and cause T2D in mice [21] . Akt is an essential component in IRS signaling, and Akt activation and subsequent FoXO1 phosphorylation are negatively affected by glucolipotoxicity [22] . The PDX-1 is a master regulator of transcription in -cells and its expression is critical to the development of pancreas and normal -cell function in adults. The FoXO1 plays an essential role in regulating cellular proliferation and protection against apoptosis through inducing expression of NeuroD and MafA in -cells [23] . Thus EGCG may act through multiple components of the insulin signaling cascade to improve -cell function.
EGCG was also shown to protect insulin-producing -cells from pro-inflammatory cytokineinduced cytotoxicity, where treatment with EGCG partially restored glucose-stimulated insulin secretion (GSIS) and preserved cell viability [24] . Bcl-2 protein prevents oxidative stress and regulates mitochondrial transitional pore opening by opposing the effect of Bax thereby blocking cytochrome c release and inhibiting caspase activity [24] [25] [26] . EGCG treatment may protect -cells from cytokine-stimulated apoptosis by modulating Bcl-2 expression and by suppressing Bax translocation from the cytosol to mitochondria [24] .
EGCG and ECG also have beneficial effects on fatty acid-induced insulin resistance in skeletal muscle [27] . Increased plasma FFAs play a critical role in exacerbating insulin resistance and therefore pathogenesis of T2D [28, 29] . Skeletal muscle consumes nearly 70% of plasma glucose and perturbations to skeletal muscle insulin sensitivity, such as serine phosphorylation of insulin signaling components, disrupt blood glucose homeostasis [27, 30] . FFAs, perhaps through initiation of protein kinase C (PKC) or c-jun amino terminal kinase (JNK) signaling pathways, increase IRS1 Ser307 phosphorylation, which reduces the ability of IRS1 to activate phosphoinositide 3-kinase (PI3K) and Akt [27, 30] . Increased PKC activation enhances Ser307 phosphorylation of IRS1, which reduces its tyrosine phosphorylation leading to educed binding affinity of IRS1 to IR [27] . Indeed, Ser307 phosphorylation is an important marker of fatty acid-associated insulin resistance [27] . Further, this can lead to the downregulation of the PI3K/Akt signaling pathway and reduced insulin-stimulated glucose uptake. FFAs also induce cell apoptosis through suppression of the mitogen activated protein kinase (MAPK) cascade [27] .
Adenosine monophosphate-activated protein kinase (AMPK), an energy sensing molecule highly conserved from yeast to all animals, is increasingly recognized as a master regulator of whole body energy homeostasis [31] . AMPK is a heterotrimeric protein kinase composed of a catalytic subunit (AMPK ) and two regulatory subunits ( and ) that sense low cellular energy levels by monitoring changes in the AMP:ATP ratio. AMP binding to the subunit induces a conformational change that allows AMPK to be phosphorylated at its threonine residue (Thr 172) by the AMPK-activating protein kinase (LKB1). At the whole body level, AMPK integrates stress responses, nutrient and hormonal signals to the control of food intake, energy expenditure, and substrate utilization. At the cellular level, activated AMPK inhibits hepatic gluconeogenesis [32] , promotes fatty acid oxidation [31] , and regulates mitochondrial biogenesis [33] . To do so, AMPK directly regulates the activity of acetyl CoA carboxylase (ACC) and the peroxisome proliferator-activated receptor gamma coactivator-1-(PGC-1 ) [34] [35] [36] , two of the most important cellular metabolic regulators. Specifically, AMPK phosphorylates and inhibits the activity of ACC, the rate limiting enzyme for fatty acid synthesis [34, 35] , while it directly phosphorylates and activates PGC-1 [37] , which controls the expression of many genes related to lipid oxidation and mitochondrial biogenesis [38, 39] . In addition, activation of AMPK increases GLUT4 expression and membrane translocation in skeletal muscle [40] , thereby improving glucose uptake. Obesity and insulin resistance are always accompanied by impairment in fuel metabolism, a leading pathogenic factor for T2D. Several lines of evidence have shown that pharmacological activation of AMPK improves blood glucose homeostasis and lipid profile in insulin-resistant rodents [41] . Therefore, AMPK is emerging as an attractive target for developing strategies to treat T2D. Indeed, recent studies have shown that AMPK is one of the targets of major insulin sensitizing drugs, such as metformin and TZDs [42] .
EGCG and EGC protect C2C12 mouse myoblast cells against FFA-induced insulin resistance by acting through multiple signaling pathways. EGCG treatment was associated with (i) inhibition of PKC activation and enhanced AMPK cascade that blocked IRS1 serine phosphorylation, (ii) activated AMPK and other kinases such as ERK1/2 and p38 MAPK which are essential for the maximal stimulation of glucose uptake in response to insulin [43, 44] , and (iii) suppressed lipid accumulation via the AMPK/ACC signaling pathway [27, 30] . However, it is unknown if these catechins act as direct AMPK activators.
It is increasingly recognized that chronic, low-grade tissue inflammation is involved in the pathogenesis of diabetes. Therefore, preventing chronic inflammation may delay or prevent the development of diabetes. Recently it was reported that EGCG treatment delayed the onset of T1D in non-obese diabetic (NOD) mice [13] , an autoimmune-mediated T1D animal model. EGCG (0·05 % in drinking water) increased plasma insulin levels and survival rate and lowered glycosylated hemoglobin (A1C) concentrations in NOD mice, while the concentrations of anti-inflammatory cytokine IL-10 were increased [13] . Furthermore, EGCG (1 and 10 M) improved the viability of -cells chronically exposed to a cocktail of proinflammatory cytokines, which was partly mediated through inhibition of caspase-3 [13] . Therefore, the protective effects of EGCG against the development of T1D could be mediated through anti-inflammatory actions in a variety of cell types.
EGCG supplementation at pharmacological doses (1% in diet) improved glucose intolerance in obese db/db mice [45] . EGCG exerted several beneficial effects in db/db mice such as improved glucose tolerance, increased GSIS, reduced number of pathologically modified islets, increased number and size of islets, enhanced pancreatic endocrine area, and reduction in islet endoplasmic reticulum (ER) stress markers [45] . ER stress is associated with insulin resistance and -cell dysfunction in db/db mice and in islets obtained from T2D patients [46] . EGCG was shown to preserve islet morphology in EGCG treated db/db mice by reducing the expression of ER stress marker Ddit3 and its downstream targets Ppp1r15a and Cdkn1a [45] . Mitochondrial fatty acid transporter carnitine palmitoyltransferase I (LCpt-1) expression is induced in -cells chronically exposed to fatty acids, and reduced LCpt-1 expression is proposed to positively affect GSIS [47] . Interestingly, EGCG reduced islet expression levels of L-CptI [45] , suggesting that EGCG may improve insulin secretion from pancreatic -cells.
The Goto-Kakizaki rat, a non-obese T2D animal model, exhibits enhanced oxidative stress, impaired glucose metabolism, and decreased mitochondrial content in skeletal muscle [48] . The key molecules of the mitochondrial autophagy pathway such as LC3B, Beclin1 and DRP1 are induced in the skeletal muscle of these rats [48] . Further, reactive oxygen species (ROS) were proposed to activate ERK and/or JNK and induce autophagy in skeletal muscle [48] . EGCG (100 mg/kg/day by gavage for 3 months) significantly reduced the expression levels of Beclin1 and DRP1 in skeletal muscle. EGCG regulated mitochondria-involved autophagy and ameliorated excessive muscle autophagy through down-regulation of the ROS/ERK/JNK-p53 pathway. EGCG also improved glucose metabolism and reduced oxidative stress in Goto-Kakizaki rats [48] .
Collectively, EGCG can elicit a number of changes that are associated with beneficial effects on diabetes, including improvements in insulin secretion, glucose uptake, insulin resistance, glucose tolerance, oxidative stress, inflammation, and mitochondrial function. EGCG appears to act through multiple signaling pathways to exert these beneficial effects in diabetes.
Flavanones
Naringin and hesperidin, the two major flavanones, are rich in citrus fruits, with naringin responsible for the bitter flavors of grapefruit. Naringin has been reported to possess antioxidant, anti-diabetic, lipid-lowering, anti-atherogenic, and anti-inflammatory activities [18, 49, 50] . Both naringin and naringenin (the aglycone form of naringin) have been extensively studied in recent years [51] [52] [53] [54] [55] .
In a streptozotocin (STZ)-induced model of diabetes in male albino rats, daily oral administration of 50 mg/kg hesperidin or naringin for one month ameliorated hyperglycemia and oxidative stress [56] . Dietary supplementation of hesperidin and naringin (200 mg/kg) was also associated with anti-hyperglycemic effects in C57BL/KsJ-db/db mice after 5 weeks of treatment [18] . In a similar study, 7-week old db/db mice that consumed diets supplemented with either hesperidin or naringin (200 mg/kg diet) for 5 weeks, displayed reductions in blood glucose levels, increases in plasma insulin and leptin concentrations, hepatic glucokinase (GK) activity and glycogen content, and attenuations in activity of hepatic glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK), as compared to control animals [57] . GK, which is a regulatory enzyme of glycolysis, shows reduced activity, while PEPCK and G6Pase, key enzymes of gluconeogenesis, are elevated, in diabetes, due to hepatic insulin resistance leading to reduced glucose utilization and storage and increased glucose production and release [58, 59] . Thus, the anti-diabetic effects of naringin and hesperidin may primarily be due to reduction of hepatic glucose output via suppression of PEPCK and G6Pase expression, although the mechanism underlying the improvements in hepatic insulin sensitivity by these compounds are still unknown [18] .
Glucose transport in different tissues is undesirably altered in diabetes and may be affected by anti-diabetic compounds. GLUT2 plays a key role in hepatic glucose output and is elevated in diabetic animals [59] . GLUT4 is the primary insulin-dependent transporter and is highly expressed in skeletal muscle and WAT [60] . GLUT4 overexpression in adipocytes improves glycemic control by ameliorating insulin resistance in diabetic db/db mice [60] .
Insulin resistance is associated with reduced insulin-dependent glucose uptake in skeletal muscle and fat, and uncontrolled glucose release from the liver. Hesperidin and naringin treatment was associated with reduced protein expression of GLUT2 in the liver and enhanced expression of GLUT4 in WAT [18] . Hesperidin and naringin treatment also led to the activation of PPAR in liver and fat of diabetic db/db mice [18] . In addition to inducing fat cell differentiation, PPAR also improves glucose homeostasis by stimulating GLUT4 production and inhibiting PEPCK and G6Pase. Thus, hesperidin and naringin may improve hyperglycemia in T2D by regulating gene expression of glucose-regulating enzymes which may be mediated via PPAR , a major target of T2D drugs.
Sharma et al. determined the effect of oral administration of naringin (25, 50 and 100 mg/kg body weight) on metabolic parameters and -cell function in T2D diabetic rats, where diabetes was induced through high-fat (HF) diet feeding coupled to low-dose STZ injection [61] . Naringin dose dependently ameliorated hyperglycemia, hyperinsulinemia and insulin resistance, and improved -cell function. Further, naringin attenuated ER distention and preserved -cell function in diabetic rats by maintaining an adequate pool of insulin secretory granules [61] . Heat shock proteins (HSP) are ubiquitous molecular chaperones induced in response to stressful conditions and protect cells against hyperglycemia, inflammation and oxidative stress [61] [62] [63] . Activation of PPAR and HSP ameliorated insulin resistance and diabetic complications by inhibiting NF B and JNK activation [61, 62, 64, 65] . Naringin treatment was associated with increased expression of PPAR , HSP-72, and HSP-27 in the liver of diabetic rats [61] . Naringin also increased the phosphorylation of IRS1 (Tyr162) without alteration in the total IRS1 protein expression in liver which may be mediated via the increased expression of HSPs and PPAR [51] . Interestingly, the beneficial effect of naringin was comparable to rosiglitazone, one of the TZDs [61] .
Collectively, these studies show the anti-diabetic properties of naringin and hesperidin, which may at least be partially mediated through the regulation of PPAR , although it is unclear if hesperidin and naringin are direct PPAR agonists. However, there is presently lack of data from clinical studies testing the anti-diabetic potential of these flavanones, which are needed to determine whether dietary intake of naringin or hesperidin is effective in the prevention or treatment of diabetes in humans.
Anthocyanidins
Anthocyanidins are widely distributed in the human diet through berries, fruits, vegetables, and red wine [17] . They are responsible for fruit and floral colors [66] . Anthocyanins have also received considerable attention due to their purported health benefits and potent antioxidant capabilities. However, challenges for using these compounds as nutraceuticals or pharmaceuticals are that these compounds have low bioavailability as compared to other classes of flavonoids and the physiological mechanisms underlying the beneficial effects on health from dietary intake of anthocyanidins are unknown [67, 68] . More than 635 anthocyanin compounds have been identified, including the unmodified versions (anthocyanidin) as well as those modified by sugar and acetyl group attachments (anthocyanins) [68] . The six most commonly occurring anthocyanidins are cyanidin, delphinidin, malvidin, peonidin, pelargonidin, and petunidin [69] . In general, substantial studies reported the anti-obese and anti-diabetic effects of anthocyanins in various animal models [68] . Interestingly, the observed anti-diabetic action by this class of flavonoid seems beyond their antioxidant property.
Bilberries are one of the richest sources of anthocyanins [17] . Takikawa et al. evaluated the metabolic effects of bilberry extract (BBE) (27g BBE containing 10g anthocyanin/ kg diet) in mice with T2D [17] . Dietary BBE improved hyperglycemia and insulin sensitivity in diabetic mice by targeting AMPK, GLUT4, and metabolic enzymes. BBE increased total AMPK and phosphorylation of AMPK at Thr 172 and subsequently increased GLUT4 in WAT and skeletal muscle of diabetic mice, consistent with reports that activation of AMPK was shown to increase the expression of GLUT4 by an insulin-independent mechanism [70] . BBE downregulates the expression of gluconeogenic enzymes such as PEPCK and G6Pase and suppressed glucose flux into the blood [17] . Additionally, ACC, the key enzyme for fatty acid synthesis that is downstream of AMPK, was inactivated, whereas PPAR , acylCoA oxidase, and carnitine palmitoyltransferase-1A were upregulated in the liver of BBEsupplemented diabetic mice [17] . Recently retinol-binding protein 4 (RBP4), an adipocytokine, was linked to obesity and insulin resistance [71] , and it was proposed that targeting RBP4 may provide a treatment for T2D. Diabetic mice treated with BBE displayed reduced abundance of RBP4 in mesenteric fat [17] . These results further show that anthocyanins regulate glucose homeostasis by favorably modifying lipid metabolism.
In line with the above study, the anti-diabetic effect of anthocyanins extracted from black soybean seed coats was investigated in STZ-induced diabetic rats [72] . Soybean seed coats are rich in cyanidin, delphinidin and petunidin, where they reside as glycosides [73] . Anthocyanin extract (containing 72% cyanidine-3-glycoside, 20% delphinidin-3-glucoside, and 6% petunidin-3-glucoside) treatment (50 mg/kg for 30 days) by gavage ameliorated insulin resistance, increased serum insulin concentrations, and improved tissue glucose utilization in T1D rats [72] . Anthocyanins enhanced GLUT4 translocation to plasma membranes of skeletal muscle and thereby enhanced glucose uptake. Anthocyanins also improved insulin signaling by stimulating IR phosphorylation, leading to a greater tyrosine kinase activity in the -subunit of the IR [72] . Moreover, anthocyanins increased -cell viability and improved cellular function by protecting islet cells against apoptosis through up-regulation of Bcl-2 proteins, down-regulation of Bax, and cleavage of caspase-3 proteins in diabetic rats [72] . Further, the extract used in this study contains known amount of glycosides of anthocyanidins, the major bioactive components of berries. Interestingly, many of those observed effects of anthocyanins were reported to be stronger than those of glibenclamide, a pharmaceutical anti-diabetic agent.
Similarly, beneficial effects of an anthocyanidin mixture were reported in a study that used a HF diet-induced diabetic animal model. Four-week old C57Bl/6 mice were fed a HF diet (60 % kcal) for 6 weeks and supplementation of the diet with an anthocyanidin mixture (delphinidin, cyanidin and pelargonidin 3-O-galactosides; 1 g/kg diet) purified from C. mas reduced triglyceride content in the liver, increased plasma insulin levels, and preserved pancreatic islet architecture as compared with mice that consumed the un-supplemented HF diet [74] . The mice that consumed HF diet displayed enlarged islets with irregular structure and insulin staining, whereas islets from mice that consumed anthocyanidins resembled those of the control mice [74] . In a similar study, 4-week old C57Bl/6J males were fed HF or control diet, some of which were supplemented at 2 g/kg of diet with purple corn color (PCC), a common food coloring ingredient that contains high amounts of cyanidin-3-O--Dglucoside [75] . After 12 weeks on the diets, mice that consumed the HF diet supplemented with PCC exhibited reduced body weight, liver triglycerides, blood glucose, insulin and leptin, and decreased lipogenic gene expression in liver and fat [75] . Dietary intake of PCCsupplemented diet reduced adiposity and improved overall glucose homeostasis and lipid metabolism [75] .
There has also been interest in the anti-diabetic properties of Canadian lowbush blueberry (Vaccinium angustifolium), a fruit also used in traditional medicine that is rich in anthocyanin content [76] . Martineau et al. reported that blueberry plant extracts exerted beneficial effects in a variety of cell-based assays, with anthocyanidins-containing fruit extract being the only plant component that stimulated -cell proliferation [77] . Several years later, it was reported that these effects were also observed in an in-vivo model [76] .
It should be noted that anthocyanins in general have very low bioavailability (less than 1% of an oral dose in the serum) and they undergo changes in molecular conformation in response to pH [76] . For these reasons, Grace et al. dissolved various blueberry extracts and pure anthocyanins in Labrasol, a microemulsifying agent used to improve bioavailability of drug delivery [76] . Six-week old C57Bl/6J mice were fed a low fat or HF diet for 12 weeks, after which they were subjected to a single oral gavage after a 4-hour fasting [76] . At 6 hours post-ingestion, 500 mg/kg of phenolic-rich fractionated blueberry extract (287 mg/g total anthocyanins) and anthocyanin-rich fractionated blueberry extract (595 mg/g total anthocyanins), led to a 33 and 51% reduction in blood glucose concentrations, respectively, whereas metformin led to 27% reduction [76] . The malvidin glycosides are the most abundant anthocyanins in lowbush blueberry extracts and pure malvidin-3-O-glucoside (300 mg/kg BW) treatment reduced 34% of blood glucose in HF fed mice [76] . The anti-diabetic effects of delphinidin-3-O-glucoside [78] , and delphinidin 3-samububioside-5-glucoside, the major anthocyanins in Chilean blackberry (Aristotelia chilensis) were also reported in subsequent studies [79] .
Bayberry fruit extract (BFE), which is rich in cyanidin-3-glucoside, was shown to protect against oxidative stress-induced pancreatic damage [80] . Pre-treatment of -cells with BFE (containing 0.5 M cyanidin-3-glucoside) inhibited hydrogen peroxide-induced cell death, mitochondrial ROS production, and cell necrosis [80] . BFE also up-regulated PDX-1 gene expression associated with the increased levels of insulin-like growth factor-II gene transcript and insulin [80] . Further, administration of BFE (150 g of Cyanidin-3-glucoside/ 10 g of body weight twice per day) significantly reduced blood glucose and improved glucose tolerance in STZ-induced diabetic mice [80] .
In addition to the above studies which focused on anthocyanidin mixtures (containing known amount of anthocyanidins or anthocyanins), there are few studies that specifically focused on the pure anthocyanidin or their glycosides. Pelargonidin (3 mg/kg, ip, single dose) was shown to restore glucose tolerance and serum insulin and antioxidant enzyme concentrations in STZ-induced diabetic rats [81] . These results were quite dramatic, given that a single moderate dose of pelargonidin completely reversed diabetes within a week and the beneficial effects were still observed 5 weeks later [81] .
The bioactive components of most berries and cherries exist as glycosides of anthocyanidins. In traditional Chinese medicine, dried cherries from Cornus spp. have been used as a therapeutic strategy to combat diabetes [82] . The bioactive components of Cornus fruits are anthocyanins such as cyanidin-, delphinidin-, and pelargonidin glycosides [83, 84] .
The effect of anthocyanidins and anthocyanins extracted from Cornus mas fruits on insulin secretion in rodent pancreatic -cells (INS-1) was reported in a recent study [83] . A 60-minute treatment of INS-1 cells with different anthocyanins and anthocyanidins revealed that cyanadin-3-glucoside and delphinidin-3-glucoside augmented GSIS, while cyanadin-3-galactoside, pelargonidin-3-galactoside, and aglycones cyanidin, delphinidin, pelargonidin, malvidin, and petunidin had negligible to marginal effects on GSIS [83] . Consistently, cyanidin-3-glucoside (50 M) and its metabolite protocatechuic acid were shown to increase glucose uptake and GLUT4 membrane translocation in human and murine adipocytes [85] . Further, cyanidin-3-glucoside increased nuclear PPAR activity and expressions of adiponectin and GLUT4. It was proposed that cyanidine-3-glucoside and its metabolite may exert insulin-like activity by regulating the internalization of glucose through the PPAR signaling pathway [85] .
Dietary cyanidin 3-glucoside (0.2% in diet) was shown to improve fasting glucose and insulin sensitivity in both HF diet fed and obese db/db mice [86] . Further it also reduced the serum concentrations and mRNA abundance of inflammatory cytokines such as TNF , interleukin-6, and monocyte chemoattractant protein-1, and suppressed macrophage infiltration in adipose tissue [86] . FoxO1 is one of the important transcriptional mediators of insulin signaling in many cells including pancreatic -cells [87] , adipocytes [88] , and hepatocytes [89] . FoxO1 is regulated differentially in the fasted and fed state by its phosphorylation and intracellular localization. FoxO1 induces the expression of gluconeogenic enzymes in the fasted state by its nuclear translocation whereas in the fed state insulin induced Akt-mediated phosphorylation of FoxO1 leads to the suppression of gluconeogenesis [86] . In the fed state, dietary cyanidin 3-glucoside was shown to downregulate G6Pase and PEPCK by enhancing the phosphorylation of Akt and FoxO1 and by decreasing the nuclear translocation of FoxO1 in liver and adipose tissues of HF diet-fed and db/db mice [86] . Moreover, cyanidin 3-glucoside treatment decreased JNK activation and promoted phosphorylation and nuclear exclusion of FoxO1. Guo et al. proposed that cyanidin 3-glucoside exerts anti-diabetic effects by modulating the JNK/FoxO1 signaling pathway and the related inflammatory adipokines [86] .
In line with the above in vitro and in vivo studies, the anti-diabetic effects of anthocyanins were also reported in human intervention trials and cohort studies. Dietary supplementation with blueberry extracts improved insulin sensitivity in obese, non-diabetic, insulin resistant participants [90] . Further, berry puree (made from bilberries, blackcurrants, cranberries and strawberries) delayed and attenuated the glycemic response in healthy subjects [91] . A study that analyzed data from 3 prospective cohort studies involving 200,000 US men and women [19] reported an inverse association between consumption of anthocyanins/anthocyanin-rich foods and T2D [19] . In the same study, in secondary analyses of individual anthocyanins, a strongest association for cyanidin was observed whereas weaker association for delphinidin, malvidin, peonidin, and petunidin. Pelagonidin was not inversely associated with diabetes risk.
Collectively, anthocyanins and its glycosides alone or in combination improve glucose homeostasis by influencing -cell mass and function, insulin sensitivity, glucose uptake, and insulin signaling animal models. Moreover, there appears to be a strong association between anthocyanin intake and healthy glucose regulation in humans.
Flavonols
Flavonols are the most common flavonoids and are dispersed throughout the plant kingdom with the exception of algae and fungi. The main dietary flavonols are kaempferol, quercetin, fisetin, isorhamnetin, and myricetin that are mainly found as glycosides [66] . Some flavonols, such as fisetin, were reported to be activators of sirtuins [92] and inhibitors of DNA methyltransferase enzymes [93] .
Fisetin is a tetrahydroxyflavone found in fruits and vegetables. The anti-diabetic effect of fisetin was reported in a study conducted with STZ-induced diabetic rats [94] . Fisetin oral treatment (10 mg/kg body weight/day for 30 days) reduced blood glucose and A1C levels and increased plasma insulin concentrations. Fistein increased the activities of hexokinase, pyruvate kinase, glucose-6-phosphate dehydrogenase whereas suppressed the activities of lactate dehydrogenase, G6Pase, fructose-1,6-biphosphatase in hepatic and renal tissues of STZ-diabetic rats [94] . Further, fistein treatment increased the glycogen content and the activity of glycogen synthase whereas it suppressed glycogen phosphorylase, suggesting that fisetin may improve glucose homeostasis by modulating these regulatory enzymes of carbohydrate metabolism [94] . However, it is unclear how fisetin increases plasma insulin levels in insulin-dependent diabetic rats.
We recently reported the cytoprotective effects of kaempferol in clonal INS-1E -cells and pancreatic human islets under conditions of glucotoxicity and lipotoxicity [14] . We found that kaempferol dose-dependently improved cell viability and suppressed apoptosis incells and pancreatic human islets with kaempferol exerting maximal effects at 10 M [14] . Consistent with our findings, others showed that kaempferol (10 M) protected insulinsecreting HIT-T15 cells from 2-deoxy-D-ribose toxicity, an effect that was mediated through suppression of lipid peroxidation. In addition, kaempferol improved the synthesis and secretion of insulin in -cells and islets [14] . It is well documented that activation of the cAMP/PKA and PI3K/Akt pathways protects -cells from apoptosis [14, [95] [96] [97] . The cAMP-mediated signaling was associated with many beneficial effects on -cells, such as amplification of GSIS, regulation of insulin gene expression, and promotion of -cell survival, all of which were attenuated by chronic hyperglycemia or hyperlipidemia [14, [98] [99] [100] . Kaempferol suppressed high glucose-or high palmitate-induced caspase-3 activity and prevented the glucotoxicity-or lipotoxicity-induced down-regulation of anti-apoptotic proteins Akt and Bcl-2 [14, 101] . High glucose or high palmitate diminished the production of intracellular cAMP, PKA activation, and cAMP response element-binding protein (CREB) phosphorylation in -cells and islets [14, 101] , which play a critical role in the cytoprotective effect of kaempferol of the islets. We further demonstrated that kaempferol upregulates PDX-1, which is responsible for the improved cellular function associated with enhanced -cell survival and function, including improved cAMP signaling and antiapoptotic protein expression [101] . This observation is very interesting as many structurally related flavonoid compounds have no suc effect on PDX-1. These findings demonstrate that kaempferol may be a novel anti-diabetic agent, given the critical roles of PDX-1 in -cell proliferation and normal function and the evidence that PDX-1 reduction impairs glucose homeostasis in both rodents and human. However, the biological relevance of these in vitro findings is not clear, and there is presently no study showing that this flavonol exerts an antidiabetic effect in vivo.
Eid et al. investigated the effects of quercetin-rich extract from the berry Vaccinium vitis idaea and active principle components of the berries on glucose uptake in C2C12 myoblasts [16] . Berry extract was shown to stimulate an insulin-independent AMPK pathway in muscle cells and mildly inhibit adenosine diphosphate (ADP)-stimulated oxygen consumption in isolated mitochondria [16] . It is interesting to note that this mechanism is analogous to that of metformin. Further, quercetin derivatives (quercetin-3-O-glucoside and quercetin-3-O-galactoside) and quercetin aglycone isolated from berry extract, enhanced insulin-independent glucose uptake and stimulated AMPK in muscle cells. However, ATP synthase in isolated mitochondria was inhibited only by quercetin aglycone indicating that the removal of the carbohydrate moiety is required for this activity [16] . This study suggested that quercetin and its derivatives are the major bioactive components of berry that are responsible for the activation of AMPK and subsequent stimulation of glucose uptake in muscle cells. However the dosage of quercetin and its derivatives (50 M) used in this study may be too high to be physiologically achievable.
The anti-diabetic effect of quercetin was also investigated in STZ-induced diabetic mice [102] . Dietary supplementation with quercetin (0.5% in diet for two weeks) lowered blood glucose and enhanced serum insulin concentrations in STZ-induced diabetic mice. Further, quercetin supplementation up-regulated the genes associated with cell proliferation and survival in the liver [102] . Quercetin inhibits Cdkn1a expression leading to the recovery of cell proliferation in liver and pancreas [102] . In a subsequent study, intraperitoneal (i.p.) injection of quercetin (10 or 15 mg/kg body weight for 10 days) to STZ-induced diabetic rats reduced hyperglycemia and improved glucose tolerance, increased hepatic glucokinase activity, reduced plasma cholesterol and triglycerides, and preserved islet mass [103] . Consistently, another study confirmed that i.p. injection of quercetin has a protective effect against pancreatic islet damage in STZ-induced diabetic rats [104] . In addition, quercetin supplementation (0.04% in diet) was shown to reduce blood glucose and improve insulin resistance in obese diabetic mice [105] , suggesting that this flavonol may exert anti-diabetic effects in T2D.
Few studies focused on the direct effect of quercetin on insulin secreting cells. Quercetin (20 M) potentiated GSIS and protected INS-1 cells against oxidative stress through the ERK1/2 pathway [106] . Not only quercetin but also its glycoside quercitrin was shown to protect clonal -cells against cytokine-induced cell death [107] . Both quercetin and quercitrin improve GSIS, inhibit oxidative stress and suppress nitric oxide accumulation which is associated with the reduced expression of inducible nitric oxide synthase (iNOS) and suppressed translocation of nuclear-factor B (NF-B) [107] . Further they attenuate mitochondrial apoptosis in RINm5F cells by suppressing cytochrome c release [107] and it was suggested that quercetin and quercitrin can prevent -cell death via suppression of NF B [107] .
The control of postprandial hyperglycemia is an important component of diabetes management. One such strategy is to reduce intestinal digestion of complex carbohydrates by inhibiting intestinal membrane-bound -glucosidases, which hydrolyze oligosaccharides, disaccharides, and trisaccharides to glucose. Li et al. evaluated the inhibitory effect of quercetin, isoquercetin, and rutin (quercetin-3-O-rutinoside) isolated from tartary buckwheat bran on -glucosidases in a cell free system and compared their effects with anglucosidase inhibitor acarbose [108] , an anti-diabetic drug used to treat T2D. It was found that all three flavonoids form complexes with -glucosidases through hydrophobic binding and inhibit the enzyme activity, with quercetin exerting more potent effect than that of acarbose [108] . However, it is unclear whether this inhibitory effect of quercetin onglucosidases is specific, which is important for nutritional or pharmacological use of this compound to reduce postprandial glucose load, because it was found that someglucosidase inhibitors such as acarbose also cause inhibition of -amylase [109] [110] [111] , resulting in undigested starch entering the large intestine and getting fermented by bacteria present there [110, 112] , which cause abdominal discomfort, diarrhea, and flatulence [111, 113] .
In summary, the hypoglycemic effect of quercetin was reported in various animal studies whereas there are limited studies on the anti-diabetic effects of fistein, kaempferol, and rutin. Quercetin may exert its anti-diabetic effects in diabetic animals by inhibiting intestinal starch digestion and hepatic glucose production, improving skeletal muscle uptake of glucose, as well as protecting against pancreatic islet damage. However, the detailed mechanism explaining the anti-diabetic action of quercetin needs to be further determined. In addition, it is unclear whether dietary intake of this flavonol or others in this class of flavonoid can improve energy metabolism and glucose homeostasis in humans.
Flavones
Flavones are found in celery, parsley and many herbs [66] . The major dietary flavones are apigenin and luteolin. For hundreds of years, plants containing apigenin, such as passion flower and chamomile, have been used in traditional medicine to treat a variety of ailments and apigenin has been recognized as a potential chemopreventive agent [114] . However, studies testing the anti-diabetic effect of this flavone are very limited. In alloxan-induced insulin-dependent diabetic mice, oral infusion of apigenin (0.78 mg/kg body weight) for 10 days reversed the reduction in hepatic antioxidants, such as catalase, superoxide dismutase and glutathione, and it was suggested that flavones have free-radical scavenging activity, similar to other flavonoid compounds [115] . Apigenin treatment also reduced hyperglycemia, hepatic G6Pase and serum cholesterol in alloxan-induced diabetic mice, while increasing serum insulin, in comparison to control diabetic mice [115] . Similarly, i.p. administration (4 mg/kg BW) of apigenin to STZ-induced diabetic rats resulted in a significant anti-hyperglycemic effect [116] . In HIT-T15 clonal -cells, apigenin treatment (≥ 10 µM) attenuated 2-Deoxy-D-ribose-induced apoptosis, due to its antioxidant effect and protective action against mitochondrial impairment by improving mitochondrial membrane potential [117] . Similarly, apigenin and luteolin treatment protected RIN cells from interleukin-1 -and interferon--induced apoptosis, through inhibition of NF-B activation and iNOS expression [118] . However, it is unclear whether the antioxidant and cytoprotective properties of flavones in cultured -cells also confer similar protective effects to islets in vivo.
While it is unknown, to the best of our knowledge, whether apigenin has an anti-diabetic effect in T2D, it was reported that in HepG2 hepatocytes, apigenin increased phosphorylation of AMPK [119] . Surprisingly, this effect of apigenin is 200 times the potency of that elicited by metformin [119] , a well-known activator of AMPK. Consistently, apigenin was also found to inhibit ACC phosphorylation and prevent lipid accumulation in HepG2 cells exposed to high glucose and this effect of apigenin is dependent of AMPK [119] . Given these data, tt is tempting to speculate that apigenin may have beneficial effects on dyslipidemia and diabetes by regulating the AMPK-dependent energy metabolism, an aspect that should be further investigated.
In vitro studies showed that luteolin is an effective maltase inhibitor (IC 50 =2.3 mM), with kaempferol, chrysin and galangin exerting less potent inhibition [120] . The inhibition by luteolin, however, was much less effective than acarbose, and doses of up to 200 mg/kg did not suppress monosaccharide production in the gut of rats, suggesting that luteolin may not be an effective substitute for acarbose [120] . Luteolin was demonstrated to improve insulin sensitivity and enhance Akt2 phosphorylation in adipocytes via activation of PPAR [121] whereas another study reported that luteolin inhibited adipogenesis and PPAR expression [122] . Hence further studies are needed to confirm the specific effects of luteolin on PPAR .
Altogether, there are a limited number of studies on the anti-diabetic effects of flavones and their signaling mechanisms as compared to other flavonoids. Findings from in vitro studies that flavones protects -cell function and activates the signaling pathways promoting fuel metabolism and insulin sensitization in hepatocytes and adipocytes suggest that flavones may have potential to exert an anti-diabetic effect in vivo.
Isoflavones
Isoflavones are found mainly in leguminous plants and Chinese herb medicines Genista tinctoria Linn and Sophora subprostrala Chun et T.Chen [123] . The major dietary isoflavones are daidzein and genistein, which are present primarily in soy foods [66] . A number of human, animal, and cell-culture studies reported the anti-diabetic effects of genistein [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] . Dietary supplementation of genistein led to improved glucose metabolism and insulin levels in T1D animals [123, 134] . An earlier study suggested that genistein exerts anti-diabetic effects by improving plasma lipids [135] , thereby increasing insulin sensitivity. Consistent with this, a recent study confirmed that mice fed a soysupplemented diet (containing approximately 198 ppm daidzein and 286 ppm genistein) from conception to adulthood displayed an improved lipid profile and glucose metabolism [125] . In this study, soy intake led to increased phosphorylation of AMPK and favorable metabolic changes associated with AMPK activation, including phosphorylation and inactivation of ACC, enhanced mitochondrial biogenesis and expression of genes involved in peroxisomal fatty acid oxidation, and increased glucose uptake in skeletal muscle [125] . This is consistent with other reports attributing the beneficial effects of dietary soy to activation of AMPK in peripheral tissues, similar to other flavonoids [125] . However, the physiological effects of specific flavonoids in soy were not evaluated in this study and the effects may have been due to isoflavones or other constituents of the soy protein. In contrast to these results, data from many previous studies have demonstrated only either a moderate positive effect [126] [127] [128] [129] or a neutral effect [136] [137] [138] [139] of dietary intake of isoflavones on plasma lipid profile, suggesting that the anti-diabetic action of isoflavones may not be ascribed to their potential hypolipidemic effect. Indeed, recent findings indicated that isoflavone administration lowered plasma glucose even though plasma lipid profile or insulin sensitivity was unaffected in obese and diabetic animals [140] . Therefore, there is the possibility that the effects of an isoflavone mix, genistein, or soy protein may affect metabolism differently in vivo.
Dietary supplementation of genistein or daidzein (0.02% in diet) has been shown to prevent diabetes onset and improve glucose homeostasis in non-obese diabetic (NOD) mice by preserving pancreatic -cell function [130] . There was an increased insulin/glucagon ratio, insulin staining in -cells and C-peptide concentration in NOD mice that consumed genistein or daidzein [130] . In this study, isoflavone supplementation was also associated with suppression of activity of the gluconeogenic enzymes PEPCK and G6Pase, as well asoxidation of fatty acids, and increased lipogenesis in the liver [130] . Recently we reported the beneficial effect of genistein in a non-genetic mouse model that shares the metabolic characteristics of human T2D with insulin resistance and reduced -cell mass and function. Specifically, about middle-aged mice that ingested diets containing 250 mg/kg genistein displayed reduced fasting glucose and twice the -cell mass as compared to the control [131] . Consistent with this observation, genistein improved hyperglycemia, glucose tolerance, and circulating insulin concentrations with significant enhancement of islet -cell proliferation, survival, and mass in STZ-induced diabetic mice [12] .
Emerging studies provide evidence that genistein directly affects -cell proliferation, GSIS, and -cell apoptosis. Several studies found that genistein stimulates insulin secretion from clonal -cells [141] and islets [132, 133] , while other studies found an inhibitory effect on insulin secretion [142, 143] . The reason for this discrepancy is not clear. Nevertheless, the concentrations (>30 M) used in most of these studies are well above those physiologically achievable by dietary means (<5 M). In a number of recent studies to investigate the direct effects of genistein on -cells [12, 144, 145] , it was demonstrated that genistein enhanced GSIS and -cell mass in clonal insulin-secreting cell lines (INS-1 and MIN6), fresh mouse and human islets, and mouse models of T1D and T2D, at a range of physiologically achievable concentrations (10 nM to 5 µM) [131, [144] [145] [146] . Interestingly, genistein induced the protein expression of cyclin D1, a major cell-cycle regulator required for growth incells [12] .
Genistein may exert its effect on -cells by acting through multiple signaling pathways. In a recent study, activation of Calmodulin kinase II (CaMK II) and Ca 2+ signaling was shown to play a significant role in genistein-induced potentiation of insulin secretion [147] . Genistein (5 µM) was also shown to prevent cytokine-induced pathological alterations in -cell function through suppression of the NF B, ERK-1/2 and JAK/STAT pathways [148] . Interestingly, the mitogenic and insulinotropic effects of genistein in -cells are not related to its known activities as an antioxidant, estrogen receptor agonist or protein tyrosine kinase inhibitor, but are mediated via activation of the cAMP/PKA cascade [144] . Genistein induced the proliferation of both INS1 and human islet -cells through activation of the cAMP/PKA-dependent ERK1/2 signaling pathway [12] . This result is different from a previous study where genistein was shown to suppress ERK1/2 [148] . While the exact reason for this discrepancy is unknown, this could be due to the difference in the experimental design and it also indicates that genistein can act differentially on ERK1/2. The effect of genistein on -cell proliferation may be structure-specific, and the hydroxyl group at the 5C position on the A ring may be crucial for the unique effect of genistein, because equol and 17 -estradiol which lack 5C hydroxyl group fail to exert such an effect [124] . While there are many in vitro and animal studies in this field, human studies investigating the effect of genistein on glucose homeostasis are limited [124] . A recent intervention trial showed that daily isoflavone intake (100 mg of aglycones) for one year improved insulin sensitivity and blood lipid parameters in post-menopausal women with T2D [149] . However, in another trial, consumption of isoflavones (132 mg) for 3 months did not improve plasma A1C, blood glucose, and insulin in postmenopausal women with T2D [150] . This disparity could be due to the difference in the treatment dosage and duration.
Collectively, genisetin exerts its beneficial effects on glucose homeostasis by influencingcell mass and function, and insulin signaling in animal models. Genistein appears to target the cAMP/PKA pathway although the specific ligand-receptor interaction controlling this signaling pathway is still unknown. While these findings are encouraging, there are few clinical studies that support the hypoglycemic effect of genistein and therefore further research is clearly warranted.
Conclusions
Epidemiological, animal, and in vitro studies support the anti-diabetic effects of many dietary flavonoids. Dietary flavonoids exert their anti-diabetic effects by targeting various cellular signaling pathways in pancreas, liver, skeletal muscle, and WAT. Flavonoids exert their effects by influencing -cell mass and function, as well as energy metabolism and insulin sensitivity in peripheral tissues. Most of the studies discussed in this review also focused on the specific signaling pathways involved in the effects of flavonoids on glucose homeostasis. Anti-diabetic effects of flavonoids may be due to antioxidant, enzyme inhibition, receptor agonist or antagonist activity or through novel mechanisms yet to be elucidated. It is encouraging that some of the flavonoids are comparable in function to the clinically used anti-diabetic drugs and that novel anti-diabetic effects are continuously identified. Emerging evidence indicates that some metabolites of dietary flavonoids act through multiple components of signaling cascades to exert their modulatory effects in different cell types [66] . However, studies on the anti-diabetic effects of metabolites of dietary flavonoids are scarce and it is therefore presently unknown whether certain metabolites from ingested flavonoids may mediate various biological actions of their parent molecules, which is an interesting question. In addition, studies on the structure-activity relationships of flavonoids are needed to precisely understand whether and how flavonoid molecules interact with the cellular components. Finally, carefully designed human trials are required to further evaluate the potential of some dietary flavonoids to prevent or treat T2D. 
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